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Magmatic systemEruptive activity returned to the summit region of Kīlauea Volcano, Hawai'i with the formation of the “Overlook
crater”within the Halema'uma'u Crater in March 2008. The new crater continued to grow through episodic col-
lapse of the crater walls and as of late 2013 had grown into an approximately elliptical opening with dimensions
of ~160 × 215 m extending to a depth of ~200 m. Occasional weak explosive events and a persistent gas plume
continued to occur through 2013. Lavawasﬁrst observed in the new crater in September 2008, and through 2009
the lava level remained deep in the crater and was only occasionally observed. Since early 2010 a lava lake with
ﬂuctuating level within the Overlook crater has been nearly continuously present, and has reached to within 22
m of the Overlook crater rim. Volcanic activity at Kīlauea Volcano is episodic at all time scales and the character-
ization of very-long-period seismicity in the band 2–100 s for the years 2007–2013 illuminates a portion of this
broad spectrum of volcanic behavior. Three types of very-long-period events have been observed over this time
and each is associatedwith distinct processes. Type 1 events are associatedwith vigorous degassing and occurred
primarily between 2007 and 2009. Type 2 events are associated with rockfalls onto the lava lake and occurred
primarily after early 2010. Both of these event types are induced by pressure and momentum changes at the
top of themagma column that are transmitted downward to a source centroid ~1 kmbelow the northeast corner
of the Halema'uma'u Crater where the energy couples to the solid Earth at a geometrical discontinuity in the un-
derlying dike system. Type 3 events are not related to surﬁcial phenomena but are associated with transients in
mass transfer that occur within the dike system. Very-long-period tremor has also accompanied the return of
eruptive activity, with increasing amplitude associated with hours- to months-long changes in gas emission
rates and summit deformation.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Very-long-period (VLP) volcanic seismicity is associated with un-
steady mass transport, generating seismic signals over the range 2 to
100 s (Chouet andMatoza, 2013). Seismic events and tremorwith dom-
inant periods ranging from 2 to 60 s have been observed beneath the
summit region of Kīlauea Volcano, Hawai'i since continuousmonitoring
with broadband seismometers began in 1994 (Dawson et al., 1998). The
VLP events generally exhibit a strong pulse of energy followed by
decaying oscillations that last for a few to tens of cycles before receding
into the background noise. Episodes of VLP tremor observed at Kīlauea
Volcano have durations ranging from tens of minutes to months. VLP
seismicity often occurs during hours to days-long transient deﬂation
or inﬂation episodes of the summit caldera (Dawson et al., 2004). The
transients in magma transport at Kīlauea are episodic in nature and45 Middleﬁeld Road MS-910,
29 4751; fax:+1 650 329 5203.
uet@usgs.gov (B. Chouet).
ss article under the CC BY-NC-ND licthe VLP seismic signals are generated through ﬂuid–rock interactions
where inertial volume changes in ﬂuid-ﬁlled conduits occur
(Ohminato et al., 1998; Chouet et al., 2010; Chouet and Dawson,
2013). Geometrical complexity in the magma transport system ~1 km
beneath the northeast edge of the Halema'uma'u Crater allows pressure
and momentum changes in the ﬂuids to couple to the solid Earth and
has been the locus of VLP activity since broadband seismic observations
of Kīlauea began (Chouet and Dawson, 1997, 2011, 2013; Dawson et al.,
1998, 2004, 2010; Ohminato et al., 1998; Almendros et al., 2002; Chouet
et al., 2010; Patrick et al., 2011; Orr et al., 2013b).
The ongoing 31-year-long Pu'u Ō'ō eruption of Kīlauea Volcano has
been focused ~8–20 km from the summit caldera along ﬁssures of
Kīlauea's East Rift Zone (Heliker and Mattox, 2003; Orr et al., 2013a).
In late November 2007 summit seismic tremor and SO2 emission
began to increase, heralding a change in the eruptive behavior at the
summit of Kīlauea. The formation of a pit crater informally called the
Overlook crater (Patrick et al., 2013) located on the south wall of the
Halema'uma'u Crater (shown by a star in Fig. 1) through small explosive
eruptions and the collapse of wall-rocks into the Overlook crater began
on 19 March 2008 (Wilson et al., 2008). Initially 35-m-wide, theense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1.Mapof Kīlauea Summit Caldera showing locations of three-component broadband stations (gray circles). StationsNPT and RIM replaced stationsNPB and SRM (open circles) in June
2011. The starmarks the position of the Overlook crater in the Halemaumau Crater. The blue dot shows the epicenter of the VLP source determined by (Chouet et al., 2010) for a moment-
onlymechanism, the red dot shows the epicenter of the VLP source for a moment-only mechanism determined by (Chouet and Dawson, 2013), and the yellow dot shows the epicenter of
the VLP source location determined through semblance in the present study. Station UWE includes the UWEV tiltmeter and GPS station UWEV, and station AHUP is a GPS station (black
circle). Contour lines represent 20 m contour intervals. The inset shows the location of Kīlauea Caldera on the island of Hawai'i.
Fig. 2. A view of the summit lava lake at dusk taken on 1 February 2014. The lava lake is contained within a crater informally called the “Overlook” crater (due to its position immediately
below the former Halema'uma'u visitor overlook), and this crater is set within the larger Halema'uma'u Crater. The photowas taken from the rim of Halema'uma'u Crater. The lava lake is
about 50m (160 ft) below the rim of theOverlook crater. The lake level at this timewas dropping, leaving a black veneer of lava on the craterwalls just above the currentmargin and easily
visible in this photograph. In the southeast portion of the lake, a persistent spattering source ejects spattermore thanhalfway up theOverlook craterwalls. Picture is available at http://hvo.
wr.usgs.gov/multimedia/?display=default.
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the vent walls to a current elliptical opening with dimensions of
160 × 215 m that extends ~200 m in depth from the ﬂoor of the
Halema'uma'u Crater (Fee et al., 2010; Patrick et al., 2013). Fig. 2
shows a photograph taken on 1 February 2014with the Overlook crater
and lava lake in the foreground, the Halema'uma'u Crater rim in the
middle ground, and the Kīlauea Caldera rim in the background. This is
the ﬁrst instance of concurrent eruptive activity in the summit caldera
of Kīlauea and along the East Rift Zone during the ongoing Pu'u Ō'ō
eruption. Sustained degassing, gradual enlargement of the Overlook
crater through episodic wall-rock collapse, and the presence of a lava
lake within the vent characterize the recent eruptive activity at the
summit of Kīlauea.
This paper provides a comprehensive review of the observations
of VLP seismicity occurring at Kīlauea Volcano since 1996 and then
presents a characterization of the VLP seismicity observed during
the period 2007–2013. This 7-year period encompasses the return
of eruptive activity to the summit of Kīlauea, the formation of the
Overlook crater, and establishment of a lava lake within the new
vent.
1.1. Review of VLP studies at Kīlauea
On 1 February 1996 a transient 22 μrad inﬂation of the summit of
Kīlauea Volcano occurred over 4.5 hours, followed by 3 days of slow
deﬂation. Ohminato et al. (1998) quantiﬁed the source mechanism of
a remarkable series of sawtooth VLP displacement pulses superimposed
on the sharp inﬂation. Waveform inversion of the displacement signals
indicated a pulsating magma transport mechanism (5–10 s drop in
amplitude followed by 1–3 min of recovery) was operating on a sub-
horizontal crack located about 0.8 km below the northeast edge of the
Halema'uma'u Crater.
Between 29 and 30 January 1997 a 30 μraddeﬂation of the summit of
Kīlauea occurred. Over the next fewweeks the summit slowly reinﬂated
and displayed short pulses of strong inﬂation on the summit tiltmeters.
Each tilt pulsewas accompanied by a VLP eventwith periods of 30–40 s.
Chouet and Dawson (1997) performed moment tensor inversions for
these events and found that the waveforms were well matched by a
source mechanism indicating that magma transport was operating on
a sub-vertical crack located near and slightly deeper than the crack im-
aged by Ohminato et al. (1998).
A series of VLP events with periods between 15 and 20 s were
observed during slow inﬂation of the summit of Kīlauea Volcano in
September 1999. The source location of these events was obtained
by Almendros et al. (2002) using radial semblance, a measure of sim-
ilarity for multi-channel data (Kawakatsu et al., 2000). Two distinct
types of VLP events were observed, with the ﬁrst located ~1 km
below the northeast corner of Halema'uma'u Crater. The second
type occurred ~8 km below the northwest quadrant of the Kīlauea
Caldera, marking the ﬁrst observations of deep VLP seismicity at
Kīlauea.
In March 2004 a mild deﬂation of the summit of Kīlauea occurred,
followed 27 hours later by a sharp 20 μrad inﬂation of the summit
over a period of about 1 hour. During this hour-long inﬂation a series
of VLP events and VLP tremor with periods near 20 s occurred.
Dawson et al. (2004) located the VLP energy using radial semblance
and found that the epicenter was near the northeast corner of the
Halema'uma'u Crater, consistentwith prior observations. This VLP activ-
ity provided further evidence for the presence of a temporally stable
geometrical discontinuity in the transport systembeneath the northeast
edge of Halema'uma'u Crater. They also demonstrated that a poorly
constrained portion of the transport system near Kīlauea Iki (Fig. 1)
was also generating VLP seismicity during this time.
Using hidden Markov models, Dawson et al. (2010) identiﬁed
47,646 individual VLP events occurring from August 2007 through
February 2010. The majority of these events occurred betweenMarch and October 2008. The dominant period of the events and
background VLP tremor ranged from 15 to 25 s and exhibited higher
modes of resonance near ~2 and ~5 s. A broad 9-month-long rise and
fall in radial semblance was associated with the intense VLP activity,
with a source location ~1 km beneath the northeast corner of
Halema'uma'u Crater. They interpreted the increase in VLP tremor
and number of VLP events to be due to the enhanced degassing ob-
served prior to and after the formation of the Overlook crater.
Chouet et al. (2010) performedwaveform inversions forﬁfteen of the
larger degassing bursts occurring in 2008–2009 in the frequency band
0.02–0.1 Hz (10–50 s), including the vent-clearing event that occurred
on March 19, 2008. They inferred a point source located ~250 m east
and ~500 m north of the new Overlook crater at a depth of ~1 km
(blue dot in Fig. 1). The source mechanism includes volumetric and ver-
tical force components with the volumetric component consisting of
intersecting east and north trending dikes. They interpreted the point
source as a geometrical discontinuity within themagmatic transport sys-
tem. In theirmodel, pressure andmomentum changes in themagma col-
umn induced by the ﬁnal expansion and bursting of a rising slug of gas at
the top of the magma column propagate downward to the VLP centroid
where they couple to the solid Earth. The east-trending dike provides a
magma transport pathway into the upper East Rift and the north-
trending dike provides a connection from the VLP centroid to the new
vent.
Patrick et al. (2011) suggested an alternate source process for the
larger degassing bursts that occurred in 2008 based on video observa-
tions of the Overlook crater, the vertical record of station NPT, and
infrasound data. Their interpretation of the source process, similar to
that of Chouet et al. (2010), is also a top-down process in which a pres-
sure disturbance at the top of themagma columnpropagates downward
and couples to the solid Earth at the VLP centroid. They suggested that
rockfall onto the top of the magma column induces rapid overturning
and degassing from the bubbly near-surface magma, producing the ex-
plosive eruptions. Carey et al. (2013) elaborated on this model and pro-
posed that rockfalls onto themagma surface could quickly induceup to a
few MPa of pressure, sufﬁcient to nucleate bubbles and trigger expan-
sion of preexisting bubbles that drive the eruptions. Orr et al. (2013b),
citing video and seismic data from March, 2011 when the lava lake
waswithin 65m of the Overlook crater rim, showed that rockfall impact
onto the lava lake is capable of triggering transient outgassing bursts
and weak explosive eruptions, possibly through the formation of a
Worthington jet that may be closely coupled with decompressive vesic-
ulation and the buoyant release of the cavity formed upon impact. They
suggest that pressure transients from these processes generate the
decaying VLP oscillations.
In an analysis of the resonant character of the larger degassing
bursts, Chouet and Dawson (2011) performed waveform inversions
for an extended source in the frequency band 0.1–1 Hz (1–10 s) to de-
termine the dimensions and oscillation modes of the intersecting dike
system imaged by Chouet et al. (2010). The extended source was
modeled by using a set of point sources on a grid surrounding the VLP
source centroid deﬁned by Chouet et al. (2010), where the source ge-
ometry is ﬁxed from previous modeling of VLP data in the 10–50 s
band. They found that the dominant source component was an east-
trending dike with dimensions of 2.9 × 2.9 km extending ~2 km west
and ~0.9 km east of the VLP source centroid and ranging from 0.2
to 3.1 km in depth. The observed periods at ~2 and ~5 s represent
the fundamental mode of resonance v11 and the ﬁrst degenerate mode
v12 = v21 of the dike. A second north-trending dike with dimensions
of 0.7 × 0.7 km to 2.6 × 2.6 km provides connectivity between the
east-trending dike and the Overlook crater.
Following an upgrade of the broadband network in 2011 it became
clear that ground rotation associatedwith deformation processes occur-
ring over periods of minutes to hours formed a signiﬁcant part of the
broadband waveﬁeld. Chouet and Dawson (2013) extended a wave-
form inversion method following the work of Maeda et al. (2011) to
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seismograms through the use of Green's functions that represent the
seismometer response to translation and tilt groundmotions. Thismod-
iﬁcation to the standardwaveform inversion for translation allowed the
description of the VLP sourcemechanism due to large rockfalls onto the
lava lake in the Overlook crater over the period range 1–1000 s. The VLP
source centroid (red dot in Fig. 1) andmechanism for two large rockfall
events occurring on August 29, 2012 was virtually identical to that de-
termined from the degassing bursts in the 10–50 s band by Chouet
et al. (2010). Chouet and Dawson (2013) represented the shallow
magmatic system beneath Halema'uma'u Crater with a simple lumped
parameter model. The observed pressure and volume variations at the
VLP source centroid allowed the determination of rockfall volume
(200–4500 m3), length of magma column (120–210 m), diameter of
the pipe connecting the Overlook crater to the subjacent dike system
(6m), average thickness of the twounderlyingdikes (3–6m), and effec-
tive magma viscosity (30–210 Pa s).
A fundamental observation from the above studies is that a small
region about 1 km below the northeast corner of Halema'uma'u Cra-
ter is the locus for most of the VLP seismicity that has occurred at the
summit of Kīlauea since broadband recording began in 1994. To gen-
erate this VLP seismicity, geometrical complexity must exist in the
transport system to allow efﬁcient coupling of pressure and momen-
tum changes in the ﬂuids (magma and gas in the case of Kīlauea) to
the solid Earth (Chouet and Matoza, 2013). These studies demon-
strate that the geometrical complexity beneath Halema'uma'u Crater
consists of a plexus of dikes and sills. Since at least 2008 the dikes
forming the transport system can be considered ﬁxed in location
and dimension (Chouet and Dawson, 2013). It is also clear that
there are several ways to produce the VLP events and VLP tremor
that are observed seismically as volumetric changes in the dike sys-
tem beneath the Halema'uma'u Crater. These may include pressure
changes within the dike system and/or stress changes in the rock
matrix surrounding the dike system (Ichihara and Nishimura,
2009). Pressure changes may be due to variations in magma supply
into or out of the dike system, or to shallow forcing events such as
vigorous degassing at the top of the magma column or rockfalls
impacting the lava lake in the Overlook crater. Stress changes due
to repeated inﬂation and deﬂation episodes at the summit or sea-
ward movement of the south ﬂank of Kīlauea can produce perturba-
tions in the ﬂow of magma within the dike system through their
effects on the magma plumbing structure.
2. Broadband network at Kīlauea
The broadband seismic network at the summit of Kīlauea has been
running continuously since the initial deployment of 10 stations in
1994 (Dawson et al., 1998). The network was reconﬁgured in 1998,
moving most of the stations to locations within or near the summit
caldera of Kīlauea (Fig. 1). From 1998 through June 2011 the stations
featured Guralp G40T (0.02–60 s) seismometers and USGS digital seis-
mic telemetry (DST) digitizers. The DST units have a limited dynamic
range (b~90 dB) and a passband deﬁned by 0.02 Hz single-pole and
25 Hz 7-pole Butterworth ﬁlters. Three additional broadband stations
were deployed in the summit region of Kīlauea between 2008 and
2011. StationNPTwas established in theNorth Pit vault ~80msoutheast
of station NPB in August 2008 in response to the formation of the Over-
look crater, and features a Guralp G40T sensor and a Reftek RT-130 dig-
itizer. Station UWE began continuous recording in September 2010 and
features a Streckheisen STS-2 (0.02–120 s) seismometer recorded by a
Reftek RT-130 digitizer. Station RIM was established in early 2011 and
features a Nanometrics Trillium (0.02–120 s) seismometer and Reftek
RT-130 digitizer. The DST network was refurbished in June 2011 with
Reftek RT-130 digitizers, stations NPT, RIM, and UWE were added to
the broadband processing stream and stations NPB and SRM of the
original DST network were decommissioned. Since the end of June2011 the reconﬁgured broadband network has consisted of eleven
3-component stations recording 100 s−1 channel−1 within 2.5 km
of the Halema'uma'u Crater, providing a network-wide dynamic
range of ~138 dB.
3. Data analysis
Several techniques are applied to the continuous broadband seismic
data to identify and characterize individual VLP events and VLP tremor.
Individual events are identiﬁed automatically with hidden Markov
models (Dawson et al., 2010) and visually. Their oscillation frequencies
and quality factor Q are measured through the application of the Sompi
method (Kumazawa et al., 1990). VLP tremor is quantiﬁed through a
measurement of the root-mean-square amplitude of the continuous
seismic energy at a single station and through the application of radial
semblance using the continuous broadband network data (Dawson
et al., 2004, 2010). For most of the following descriptions, the VLP data
exclude periods between 2 and 10 s because of strong high-amplitude
oceanic microseismic signal that obscures or interferes with the VLP
signal in this band.
Fig. 3a and c show a 1-hour-long record of the raw velocity signal for
two components of station NPT recorded on 29 August 2012 with the
respective spectral amplitudes shown in Fig. 3b and d. Two large VLP
events occurred during this time, exhibiting a dominant frequency
near 0.027 Hz (37 s) as well as distinct resonant peaks between
0.1 and 0.5 Hz (black traces). The spectral amplitudes for the previous
1-hour time window with little VLP signal are shown as red traces.
The broad peak between 0.1 and 0.5 Hz represents the persistent ocean-
ic microseismic signal. Fig. 4 illustrates the waveforms for the larger
event shown in Fig. 3 on all components of the broadband network.
Fig. 4a shows the raw data for the east, north, and vertical components.
Fig. 4b shows the waveforms in the frequency band 0.01–0.1 Hz,
highlighting the oscillatory nature of a typical VLP event observed at
Kīlauea.
3.1. Initial identiﬁcation of VLP events
To describe the VLP events in a consistent manner we visually iden-
tify events in the continuous seismic record using station NPB from
January 2007 through October 2008 and station NPT from November
2008 through December 2013. These stations are located ~800 m
north of the Overlook crater. NPB was a surface installation, while NPT
is located in theNorth Pit vault ~80m southeast of NPB. The visual iden-
tiﬁcation of eventswas conducted on raw velocity records of the vertical
component in the band 10–100 s. The primary requirement for the visu-
al identiﬁcation of Kīlauea VLP events is that the signal clearly emerges
from the background noise (2–3 times the background energy level)
and exhibits decaying oscillations before merging into the background
noise. A catalog of 2615 VLP event times, VLP peak-to-peak amplitude
in counts, and an estimate of the period of the decaying VLP signal
was created by using a graphical interface. As discussed in section 1.1,
thousands of VLP events occurred between March and October, 2008,
and many of these present similar, repetitive waveforms. Only a small
subset (6–8 events/day) of these events were included in the visual cat-
alog to provide a coarse characterization of this intense activity over
time. The majority of these events were identiﬁed automatically by
using a hiddenMarkov model representing the typical degassing bursts
occurring in August, 2008 (Dawson et al., 2010). The visually identiﬁed
and automatically determined events were combined, removing repli-
cated events, to form a master catalog containing 49,610 VLP events.
Fig. 5a shows the number of VLP events versus event amplitude and
Fig. 5b shows the event amplitudes versus time for the master catalog.
ThemeanVLP amplitude is 3260 counts, and 29% of the events have am-
plitudes ≤2000 counts. About 89% of the VLP events occurred prior to
October, 2008, and were attributed to enhanced degassing associated
with the formation of the Overlook crater (Dawson et al., 2010).
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Two methods are used to identify episodes of VLP tremor. The ﬁrst
uses the vertical component of stations NPB and NPT in the band
10–100 s where the root-mean-square (RMS) of the signal is calculated
in non-overlapping 1 hour increments (Fig. 6a). The dashed horizontal
line in Fig. 6a indicates the background RMS amplitude of ~70 counts
observed prior to 2008. The RMS values are representative of the VLP
energy measured at one location in the Kīlauea Caldera with no distinc-
tion between local or distant sources of energy. Teleseismic surface
waves from distant earthquakes contain energy in the VLP band, and
many of thewidely scattered individual points in Fig. 6a can be attribut-
ed to the transient passing of these surface waves through the broad-
band network.
The secondmethod uses the particle motions of the continuous seis-
mic data in the band 10–50 s weighted according to the rectilinearity of
the particle motions to estimate the VLP source location and provide a
measure of the waveform similarity between stations (radial sem-
blance). The technique is described in Almendros and Chouet (2003)
and is running as a real-time process at the Hawai'ian Volcano Observa-
tory (Dawson et al., 2010). Radial semblance provides a representation
of VLP energy that is associatedwith volcanic activity occurring beneath
the summit of Kīlauea and is not sensitive to regional or teleseismic
VLP energy. Radial semblance is calculated every 5 s at 68,921 points
within a 2 × 2 × 2 km volume (grid spacing of 50 m) centered on the
northeast corner of the Halema'uma'u Crater. The maximum value of
semblance in the 3-D volume identiﬁes the source location at each
time step. The continuous record of radial semblance from August
2007 through December 2013 has been resampled to 1-hour averages
and is shown in Fig. 6b. The radial semblance is normalized to a value
of 1, with increasing radial waveform rectilinearity and waveform sim-
ilarity between stations indicated by increasing semblance. The typical
background value of radial semblance when no coherent VLP signal is
present is 0.23 (shown by the dashed horizontal line in Fig. 6b). The
mean source location for all 1-hour averages of semblance N0.5 is
shown by the yellowdot in Fig. 1. The source epicenter has an estimated
horizontal error of ±60 m and the source depth is 90 m asl ±78 m.
Averaging RMS and semblance values over 1-hour windows pro-
vides a convenient way to assess long-term (hours to months) trends
in the occurrence of VLP energy. Bothmeasures exhibit similar patterns:
a signiﬁcant increase beginning in late 2007, sustained high values until
October, 2008, pulsating values until 2010, and generally low values
through 2013 that remain higher than those observed prior to 2008.
3.3. Spectral content and Q for VLP events
The Sompi method (Kumazawa et al., 1990) quantiﬁes the spectral
properties of harmonic signals using a homogeneous autoregressive
equation to obtain the decay characteristics and oscillation frequencies
of a decaying signal in the frequency domain. This technique has been
applied to long-period volcanic seismicity (Nakano et al., 1998) and to
infer ﬂuid composition in volcanic systems (Kumagai and Chouet,
2000, 2001). The complex frequency is deﬁned as (f–ig), where f is the
frequency, g is the growth rate, and i ¼
ﬃﬃﬃﬃﬃﬃﬃ
−1
p
. Dissipation is quantiﬁed
by using the quality factor Q, deﬁned as Q−1 = −2g/f, which corre-
sponds to the fractional loss of energy in each oscillation cycle at the
frequency f. Lower values of Q indicate stronger attenuation.
In order to obtain f andQ for VLP events thewaveformsmust exhibit
decaying oscillations following the initial pulse of energy. Fig. 7 shows a
graphical depiction of the output fromSompi for twoVLP events record-
ed on the vertical component of station NPT (11 November 2010 and 4
April 2012). In Fig. 7a and d the dominant (circles) andminor (squares)
oscillationmodes for all of the trial autoregressive orders are plotted in a
frequency–growth diagram. The thin solid lines represent constant
values of Q. The amplitude spectra for the two events are illustrated in
Fig. 7b and e and their waveforms are shown in Fig. 7c and f. The shadedboxes in Fig. 7c and f bracket the inhomogeneous portion of each signal
that is not considered in the analysis.
Many of the VLP events occur in rapid succession, overprinting the
decaying VLP signal from preceding events, and most of the events
with amplitudes b2000 counts at stationsNPB andNPT have too few cy-
cles of VLP energy or are contaminated by background noise or VLP
tremor to be useful for Sompi analysis. Estimates of f andQ for the visual
catalog of events are determined from the identiﬁcation of the domi-
nantmode (circles in Fig. 7a andd), including themean values and stan-
dard deviations of the distribution of thismode for all trial orders. These
estimates are used to extract events from the visual catalog where the
distribution of the dominant mode is compact. The Sompi analysis
results in 1532 events exhibiting clear decaying oscillations. Fig. 8a
shows the mean value of the dominant period (1/f) of the VLP events
over time (dots, colors indicate event types deﬁned in Section 5.4)
with a standard deviation b2 s (thin vertical lines). Fig. 8b shows Q for
the dominant VLP period versus time (dots) with a standard deviation
b2 (thin vertical lines). Only VLP events with amplitude N1000 counts
are included in Fig. 8. The mean amplitude for the events shown in
Fig. 8 is 7465 counts, reﬂecting the constraint that clear decaying oscil-
lations be present in order to derive adequate measures of f and Q.
Between 2007 and 2010 the VLP events exhibit periods generally
below 24 s (Fig. 8a, horizontal dashed line) and a wide distribution in
Q values. At the beginning of 2010 the VLP period began to steadily
increase, reaching values near 40 s by early March 2011. Values of Q
steadily increased from ~10 to ~30 in tandem with the VLP period,
then sharply decreased in early 2011. From March to November 2011
many of the VLP events had amplitudes b2000 counts (Fig. 5), periods
near 22 s (Fig. 8a), values of Q near 10 (Fig. 8b), and the VLP tremor
reached the lowest values recorded between 2008 and 2013 (Fig. 6).
From the end of 2011 through December 2013 VLP periods remained
above ~35 s with a slowly increasing trend and exhibit a wide distribu-
tion in values of Q.
An example of varying Q over time is shown in Fig. 9, where three
20-minute-long records of VLP events from early 2011 are plotted.
Fig. 9a shows the raw data from the vertical component of station NPT
and Fig. 9b shows the same records in the frequency band 0.01–0.1 Hz.
These events occurred near the end of a months-long steady increase
in VLP period shown in Fig. 8a and the associated transition from in-
creasing to decreasing values of Q shown in Fig. 8b.
4. Trends in long-term summit deformation and SO2 emission
Between 1983, when the Pu'u Ō'ō eruption began, and 2003 the pri-
mary long-term deformation of Kīlauea Volcano consisted of south-
ﬂank (seaward) motion and subsidence of the summit caldera (Delaney
et al., 1993; Cervelli andMiklius, 2003). The summit subsidence has gen-
erally been attributed to the deﬂation of a magma reservoir located at
depths of 3 to 5 km (Tilling and Dvorak, 1993). However, up to 35% of
the subsidence may be due to rifting in the summit region (Delaney
et al., 1993; Owen et al., 2000). This long-term deﬂationary trend was
modulated by periods of increased south-ﬂank motion due to earth-
quakes, intrusions, slow-slip events (Delaney et al., 1993; Lundgren
et al., 2013; Montgomery-Brown et al., 2013), and short-term episodes
of summit deformation originating in a shallowmagma reservoir located
northeast of theHalema'uma'u Crater (Cervelli andMiklius, 2003; Poland
et al., 2009). The short-term episodes are called deﬂation–inﬂation (DI)
events by the Hawaiian Volcano Observatory and typically last 1–3 days
with amplitudes ranging between ~1–5 μrad at station UWEV, located
about 2 km north-northwest from the reservoir (Fig. 1).
From 1983 to 2003 the long-termmagma supply rate at Kīlauea was
about 0.12 km3 yr −1 with minor variations due to increased supply
from deeper sources or withdrawal from the summit reservoirs
(Heliker and Mattox, 2003). Between late 2003 and 17 June 2007 the
pattern of long-term summit deﬂation reversed, indicating an increase
in magma supply to at least 0.19 km3 yr−1 by 2006 (Poland et al.,
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Fig. 7. (a) Frequency–growth diagram obtained from the application of Sompi to the decaying VLP signal for an event occurring on 11 November 2010. Circles indicate the dominant os-
cillationmodes and squares indicate secondary oscillationmodes. Thin lines represent constant values ofQ in the range 2–500. The horizontal axis is frequency, labeled in (b). The ellipse
indicates a coherent secondary oscillation mode. (b) Amplitude spectrum for the VLP event. The arrow indicates a coherent secondary oscillation mode. (c) Broadband waveform of the
VLP event. The shaded box brackets the inhomogeneous portion of the signal that is not included in the Sompi analysis. (d) Frequency–growth diagram for an event occurring on 4 April
2012. (e) Amplitude spectrum for the VLP event. (f) Broadband waveform for the VLP event.
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magma supply rate (Gerlach et al., 2002; Hager et al., 2008), rose from a
background level of 8000 tonnes per day in 2003 to 20,000 tonnes per
day by mid-2005 reﬂecting a transient increase in magma supply
(Poland et al., 2012). On 17 June 2007 the summit began to deﬂate (in-
dicated by an arrow in Fig. 10a), withmagma intruding into and feeding
a new eruptive vent in the East Rift Zone (Poland et al., 2009). Apart
from the transient deﬂation–inﬂation associated with the 17 June
2007 event the deﬂationary trend continued through 2009. From early
2010 through December 2013 the summit entered a long-term inﬂa-
tionary trend during which two signiﬁcant periods of summit deﬂation
occurred (arrows in Figs. 10a and 17). The ﬁrst was associated with the
March 2011 Kamoamoa intrusion and eruption in the East Rift Zone
(Lundgren et al., 2013), and the second was associated with a ﬂank
eruption in August 2011 at the Pu'u Ō'ō cone.
The June 2007 intrusion into the East Rift Zone apparently triggered
a slow-slip event beneath the south ﬂank of Kīlauea (Brooks et al., 2008;
Montgomery-Brown et al., 2013). Slow slip events with magnitudes
equivalent to Mw 5.6–6.0 and durations averaging 2 days occur semi-
regularly beneath the south ﬂank of Kīlauea with seaward slip along a
decollement fault at ~8 km depth and had not been previously associat-
ed with intrusions into the East Rift Zone. The three identiﬁed slow-slip
events occurring between 2007 and 2013 are shown by bold bars in
Figs. 5b, 6, 8, and 10.
Fig. 10a shows the radial tilt record for the period of this study
observed at the electronic tiltmeter UWEV in the Uwekahuna Vault
(station UWE in Fig. 1) where the radial direction is toward theHalema'uma'u Crater (327° counterclockwise from east). This record
shows the end of the 2003–2007 inﬂationary period (Fig. 10d), the ini-
tiation of summit deﬂation on 17 June 2007, and transition to summit
inﬂation in 2010. The long-term pattern is primarily due to magma
withdrawal and intrusion centered on the south side of the Kīlauea Cal-
dera. Superimposed on this pattern are hundreds of DI events reﬂecting
the periodic deﬂation and inﬂation of the shallow Halema'uma'u reser-
voir. Fig. 10b shows the GPS cross-caldera change in distance between
GPS stations UWEV and AHUP. Decreasing line length indicates summit
deﬂation and contraction, and increasing line length reﬂects summit
inﬂation and extension. Station AHUP is located south of the Kīlauea
Caldera (Fig. 1). The long-term trends are similar to the tilt record at
UWEV. Fig. 10d extends the line length in Fig. 10b back to the year
2000, showing the pre-2007 inﬂationary trend. The deformation pat-
terns shown in Fig. 10a and d illustrate the episodic nature of volcanic
activity at Kīlauea that occurs over time scales of days to years. These
features reﬂect a small range of the apparent universal scaling of volca-
nic processes that may extend over 15 decades in time (1 s to 60 m. y.,
(Shaw and Chouet, 1991)).
Sulfur dioxide (SO2) emission rates at Kīlauea have been regularly
measured since 1979 (Elias and Sutton, 2007). Increasing SO2 at the
summit of Kīlauea is often interpreted as indicative of ascending
magma (Gerlach, 1986), and an increase from 100 tonnes/day to
150 tonnes/day was observed in 2005 indicating an increase in
magma supply (slight offset in Fig. 10e). An increase in the SO2 sum-
mit emission rate during summit deﬂation in June 2007 (small spike
in Fig. 10c and e) was interpreted to be due to static decompression
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feed an intrusion and small eruption in the east rift zone (Poland et al.,
2009). At the end of 2007 the summit SO2 emission rate began to steadi-
ly increase, and has remained signiﬁcantly higher than the pre-2007
levels through 2013 (Fig. 10c). Poland et al. (2009) suggested that the
initiation of this increase may also be due to changes in the pressuriza-
tion of the shallow Halema'uma'u reservoir. Care must be taken when
interpreting the SO2 rates, particularly after 2008 when the dense
plume emitting from the new Overlook crater resulted in an underesti-
mate of the rates by a factor of 3–20 (Elias and Sutton, 2012; Kern et al.,
2012). The general trend of slowly decreasing rate with time is real,
although there is a distinct elevation in SO2 rates between 2008 and
2010 that is not reﬂected in Fig. 10c. The summit SO2 emission rates
are obtained by repeated vehicle-based 3–7-minute long transverses
through the plume for about 1 hour and the results are scaled to repre-
sentmetric tonnes per day (Elias andSutton, 2012). The sampling rate of
SO2 emission (days) and uncertainty in absolute values (underestimate
by a factor of 3–20) limit the comparison with VLP activity to general
long-term (days to months) patterns. In the following sections we
describe only the trends in SO2 emission.
5. General observations
Patterns in the number of VLP events and their amplitude (Fig. 5b),
dominant oscillation period (Fig. 8a), and Q values (Fig. 8b) are broadly
reﬂected in the occurrence of VLP tremor shown in Fig. 6. These patternsare also reﬂected in the long-term deformation and summit SO2 emis-
sion levels shown in Fig. 10. Based on these patterns, the period
2007–2013 can be partitioned into four sections (shown as thin vertical
lines in Figs. 5, 6, 8, 10, and marked as numbers I, II, III, and IV).
Section I (January–November 2007) reﬂects the transition from
long-term summit inﬂation to summit deﬂation. Section II (December
2007–mid-October 2008) reﬂects the initiation of continuous elevated
VLP tremor, a sharp increase in the number of VLP events, a signiﬁcant
increase in summit SO2 emission rates, the formation of the Overlook
crater, and continuing summit deﬂation. Section III (mid-October
2008–mid-February 2010) reﬂects a marked decrease in number of
VLP events, discrete bursts of VLP tremor, slowly declining SO2 emission
rates, and a slowly decreasing rate of summit deﬂation. Section IV (mid-
February 2010–December 2013) embraces long-term summit inﬂation,
a signiﬁcant decrease in VLP tremor amplitudes, increasing VLP period,
and slowly decreasing SO2 emission rates. A description of the charac-
teristics of VLP signals occurring during sections I–IV is presented in
the following four sections, highlighting differences over time.
Each section is represented by two ﬁgures. The ﬁrst ﬁgure shows the
radial tilt record observed by the UWEV tiltmeter, summit SO2 emission
rate, VLP amplitude (RMS), and radial semblance. The scales are kept
ﬁxed for comparison between sections and the tilt record is shifted
vertically to ﬁt near the top of the ﬁgure. The second ﬁgure shows a
ten day-long detail of the summit deformation and seismicity for each
section. The second (raw broadband data) and the third (VLP band,
10–100 s) panels are plotted with the same amplitude scale between
69P. Dawson, B. Chouet / Journal of Volcanology and Geothermal Research 278–279 (2014) 59–85sections to allow direct comparison (with the exception of Fig. 14c,
where the scale is modiﬁed because of the strong VLP signal).
5.1. VLP characteristics: Section I, January 2007–November 2007
This section includes the end of a 4-year-long trend of summit inﬂa-
tion and the transition to a ~2.5-year-long trend of summit deﬂation. A
2-day-long ~50 μrad deﬂation began on 17 June 2007 (observed at the
UWEV tiltmeter) followed by 1 month of inﬂation after which deﬂation
resumed (Fig. 11, blue line). DI events began to occur more frequently
after August 2007. Average summit emission rates of SO2 brieﬂy in-
creased on 17 June 2007 and remained slightly elevated through
November 2007 (Fig. 11, red circles). Distant large earthquakes produce
dispersive surface waves exhibiting periods and amplitudes similar to
volcanically produced VLP energy. These teleseismic signals commonly
exhibit packets of surface wave energy lasting for tens of minutes to
several hours. Events with magnitude N6.5 occurring worldwide are
shown in Fig. 11 as black circles scaled by eventmagnitude. Comparison
with the VLP RMS (Fig. 11, black line) signal shows pulses of energy
associated with many of the teleseismic events. VLP energy remained
at background levels of ~70 counts through the section,with an increase
observed during the June deﬂation event. Radial semblance exhibits low
values and in late November the radial semblance began to rise above
the background level observed between August and October 2007
(Fig. 11, orange line).
Fig. 12 provides an overview of the seismicity associated with
the transition to summit deﬂation on 17 June 2007. Fig. 12a shows the
summit deformation observed at the UWE tiltmeter for the days
15–25 June 2007. Fig. 12b shows the broadband data observed on
the vertical component of station NPB for the same time period. At
1211 hours on 17 June (UTC) the summit deformation transitioned to
deﬂation, coincident with a 6-hour-long burst of volcano-tectonic seis-
micity and an increase in broadband seismic tremor. The seismic tremor
rapidly increased, with maximum amplitudes occurring on 18–19 June
2007 and then slowly decreased over the next several days. Fig. 12c
shows the same 10 days in the VLP band. Both VLP tremor and isolated
VLP events form part of the broadband signal seen in Fig. 12b. Between
0636 and 0708 hours on 18 June teleseismic surfacewaves from aM6.3
event in Papau New Guinea passed through Kīlauea.
In Fig. 12d the bandpassed signal for one of the VLP events is plotted
and compared to the UWE tilt record. This event is characteristic of VLP
events that commonly occur at Kīlauea, and exhibits a very weak initial
downward motion followed by a strong upward pulse and ~10 min of0
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Fig. 11. RMS, semblance, SO2 emission rate, and radial tilt for section I (January 2007–Novembe
curve. Radial tilt measured at UWEV (blue curve) is shifted toward the top of the ﬁgure and t
starting in August 2007. SO2 emissions are indicated by red circles with the scale shown at th
are scaled by magnitude with the largest dot indicating a M8.5 earthquake. Thin dashed horizo
respectively.decaying oscillations with a dominant period of 20 s. The slight down-
ward and strong upward ﬁrst motion is observed at all stations, indicat-
ing an initial weak deﬂation followed by rapid inﬂation of the VLP
source. All of the VLP events occurring during this section exhibit similar
initial motions, with amean amplitude of 4181 counts (Fig. 5b), periods
ranging from 20 to 24 s with amean value of 22.8 s (Fig. 8a), and values
of Q ranging from 10 to 45 with a mean of 18.2 (Fig. 8b). The associated
positive, steplike offset observed on the UWE tiltmeter is characteristic
for this type of VLP event, with a small deﬂation occurring prior to the
VLP event, and a maximum inﬂation reached near the beginning of
the VLP event. The tiltmeter data is averaged over 1-minute intervals,
precluding a precise comparison between the tilt and seismic records.
Although the VLP events occurring in this section have no visual corre-
lationwith surﬁcial processes (the Overlook crater had not yet formed),
they are similar to those seen in sections II and III, where vigorous
degassing from the new vent was occurring. Thus, we label this charac-
teristic VLP event as Type I.
5.2. VLP characteristics: Section II, December 2007–15 October 2008
This section includes the most dynamic volcanic activity observed at
the summit of Kīlauea between 2007 and 2013, dominated by the forma-
tion of theOverlook crater (Fig. 13, vertical dashed line), several small ex-
plosive eruptions, and intense degassing (Patrick et al., 2011). Summit
deﬂation continued with an increasingly lower rate over time and DI
events occurred more frequently than during section I (Fig. 13, blue
line). SO2 levels began to increase in December 2007, reaching a maxi-
mum in March 2008, and then exhibited a ﬂuctuating pattern with a
slowly decreasing trend through the end of the section (Fig. 13, red
circles). VLP energy began increasing in amplitude in early December
2007, reaching sustained RMS values N800 counts about 1 month after
the formation of the Overlook crater in March 2008 (Fig. 13, black line).
In July 2008 the VLP energy began slowly decreasing, approaching values
of 300 counts by the end of the section. Values of radial semblance began
to rise from background levels of 0.23 in late November 2007 (Fig. 11),
reaching sustained values of 0.8–0.9 by the time of the formation of the
Overlook crater (Fig. 13, orange line). Semblance remained at high levels
through August 2008, then began to slowly decline to values near 0.6 at
the end of the section.
Two distinct periods of correlation between VLP energy and summit
deformation occurred at the end of June 2008 and in early August 2008
(shown by arrows in Fig. 13). The summit deformation exhibits a pulse
of inﬂation in June that is coincident with a sharp decrease in VLP RMS20 µRAD 
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71P. Dawson, B. Chouet / Journal of Volcanology and Geothermal Research 278–279 (2014) 59–85and semblance. In August the deﬂation of the summit during a relatively
large DI event is associated with a sharp increase in VLP RMS and
semblance.
Fig. 14 shows the period 4–14 August 2008, when a prominent DI
event and an increase in VLP energy occurred. The tilt record is shown
in Fig. 14a, and the broadband seismic data is shown in Fig. 14b. The
broadband seismic data exhibit varying types of seismic tremor that
are relatively stable in amplitude (days 4–5 and 13), and also exhibit
hour-long modulation (days 6–8). Distinct, semi-regularly spaced
pulses of energy occur at intervals of 5–8 min (days 9–12). These pat-
terns are also observed in the VLP band (Fig. 14c, note the amplitude
scale is ~4 times greater than that shown in Figs. 12, 16, and 18). The
broadband and VLP amplitudes increase during summit deﬂation then
slowly decline after inﬂation begins. Fig. 14d shows the details of one
of the VLP events (indicated by the thin vertical line in Fig. 14a). Similar
to the Type I event (Fig. 12d), these VLP events exhibit a weak down-
ward motion preceding a strong upward pulse on the vertical compo-
nent and are associated with a preceding negative tilt signal and a
positive tilt step observed at the UWE tiltmeter. The seismicity shown
in Fig. 14 is representative of the activity occurring after June, 2008.04 05 06 07 08 09
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Fig. 14. (a) Radial tilt measured at station UWEV from 4 to 14 August 2008. Thin vertical line
(b) Broadband seismic record for 4–14 August 2008 from the vertical component of station
band 0.02–0.1 Hz. Note the different amplitude scale relative to Figs. 12c, 16c, and 18c. (d) 15
Black line indicates the tilt observed at UWEV.Between December 2007 and May 2008 the seismicity was dominated
by broadband tremor with a strong VLP component.
Eighty nine percent of the VLP events observed between 2007 and
2013 occurred between March and October 2008, with the majority of
these exhibiting similar waveforms to that shown in Fig. 14d. The VLP
events during this section exhibit a wide range in amplitude, with a
mean of 3322 counts. Five of the VLP events rank among the ten largest
events occurring between 2007 and 2013, with amplitudes exceeding
100,000 counts. The events selected using Sompi for this section
(Fig. 8) have amean amplitude of 17,117 counts, reﬂecting a general in-
crease in event amplitudes due to the energetic degassing. VLP periods
range from 20 and 28 s with a mean of 23.4 s, and Q ranges from 5 to
45 with a mean value of 12.4. The end of this section is marked by an
abrupt decline in the occurrence of degassing-driven VLP events.
5.3. VLP characteristics: Section III, 15 October 2008–15 February 2010
This section spans the ﬁnal year of slowly declining long-term sum-
mit deﬂation that began in 2007. DI events occurred more frequently
and are generally larger in amplitude than those occurring in the ﬁrst10 11 12 13 14
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73P. Dawson, B. Chouet / Journal of Volcanology and Geothermal Research 278–279 (2014) 59–85two sections (Fig. 15, blue line). Summit emission rates of SO2 (Fig. 15,
red circles) slowly declined and exhibit distinct modulation with pe-
riods of signiﬁcantly lower emission (December 2008–January 2009
and July 2009). Elevated VLP energy persisted with RMS values of
100–300 counts and surges to ~800 counts throughout the section
(Fig. 15, black line). Radial semblance slowly declined from average
values of 0.6 at the start of the section to 0.4 by the end of the section,
while still exhibiting week- to month-long pulses of sustained high
values (Fig. 15, orange line). Both VLP RMS and radial semblance de-
creased to pre-2008 levels in tandem with the periods of low SO2
emissions.
Fig. 16 shows the period 10–20 June 2009. Summit deformation
consisted of slow deﬂation between 11–17 June, transitioning to slow in-
ﬂation after 17 June (Fig. 16a). Broadband tremor (Fig. 16b) slowly in-
creased in amplitude through the summit deﬂation, then decreased
with the transition to summit inﬂation. As reﬂected in the low RMS and
semblance values, the VLP record (Fig. 16c) exhibits low-amplitudemod-
ulation in background VLP tremor that occasionally transitions to periods
of discrete VLP events, similar to those seen in Section II, although with
signiﬁcantly lower amplitudes. Fig. 16d shows two of these events com-
pared to the tilt record (indicated by the thin vertical line in Fig. 16a).
These events are typical for this section, and similar to the Type 1 events
seen in the previous two sections. The low amplitude of these events is
reﬂected in the tilt record where the signal is near the sensitivity limit
of the tiltmeter and only a slight positive tilt offset is associated with
the VLP events.
VLP event amplitudes are generally lower than in section II, with a
mean amplitude of 2075 counts. As in section II, the events selected
through Sompi consist of larger amplitude events, with a mean ampli-
tude of 10,021 counts. Few VLP events during this section have periods
N24 s, with a mean of 18.8 s. Values of Q are generally the lowest of all
sections, with a mean value of 11.1.
5.4. VLP characteristics: Section IV, 15 February 2010–December 2013
This section covers the remainder of the observational period, and is
dominated by the transition to persistent inﬂation at the summit of
Kīlauea. The inﬂationary trend is markedly offset by two deﬂation epi-
sodes in 2011 associated with eruptions from the East Rift Zone
(Fig. 17, arrows above the blue curve). DI events continued to occur
with amplitudes similar to those seen in section III (Fig. 17, blue line).
Summit emission rates of SO2 continued to slowly decline through
2011 with a transition to a slightly increasing trend from 2012 through
2013 (Fig. 17, red circles). RMS values ranged from pre-2008 levels of
~70 counts to 200 counts, and the occurrence of month-long elevated2010/06 2010/12 2011/06 2011/12
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Fig. 17. RMS (black curve), semblance (orange curve), SO2 (red circles), and radial tilt (blue cur
Fig. 11. Thin dashed horizontal black and orange lines indicate background values of RMS ampl
the East Rift Zone.levels common to sections II and III ceased after May, 2010 (Fig. 17,
black line). Radial semblance exhibits sustained values near 0.3 through-
out the section (Fig. 17, orange line).
Fig. 18 shows the period 22August–1 September 2012. Little summit
deformation is observed until the initiation of a typical DI event on 27
August, with small positive tilt offsets of 0.1–0.5 μrad occurring during
the slow deﬂation (Fig. 18a). The broadband seismic signal (Fig. 18b)
exhibits ﬂuctuating levels of broadband energy with periods of rapid
initiation of tremor that slowly decline in amplitude over periods of
hours to days. The elevated tremor levels occasionally end abruptly as
well, rapidly returning to low background levels. In the VLP band
(Fig. 18c) the background levels are much lower than those observed
in Sections II and III (Fig. 14c and 16c). This pattern is substantially dif-
ferent than the earlier sections where the broadband high-amplitude
tremor contains signiﬁcant VLP energy. Here, the dominant VLP signal
occurs as individual events. Fig. 18d shows one of these events com-
pared to the tilt signal from UWE (indicated by the thin vertical line in
Fig. 18a). Unlike the Type I events, the positive tilt step is not preceded
by a negative deﬂection prior to the VLP event. These VLP events are
clearly associated with rockfalls from the sides of the Overlook crater
onto the lava lake (Patrick et al., 2011; Chouet and Dawson, 2013; Orr
et al., 2013b). We thus label the rockfall-induced VLP events as Type 2.
The high amplitude 2-hour-long signals seen on 27 and 31 August are
teleseismic surface waves.
Themean amplitude for the VLP events in this section is 3918 counts
and those selected by using Sompi average 5014 counts. Most of the VLP
events exhibit periods N24 s and range up to ~40s, with the exception of
a cluster of events associatedwith the sharp summit deﬂation and ﬂank
eruption at Pu'u Ō'ō in August, 2011. The events in this cluster are char-
acteristic of the Type 1 events observed in the previous sections. The
mean value of Q through this section is 16.9. Q increases with the in-
crease in VLP period through March 2011 and from late 2011 through
the end of the section Q ﬂuctuates between 5 and 45 with no deﬁnitive
pattern.
A third type of VLP event (Type 3) began to be observed in this
section, and is clearly associated with the increase in VLP period, the
change to long-term summit inﬂation, and the establishment of the
Overlook crater lava lake. The primary distinguishing characteristic of
the Type 3 event is that opposite polarity is observed on all components
relative to the Type 1 and 2 events. The largest of the Type 3 events are
associated with a negative tilt step observed at the UWE tiltmeter
(Fig. 19a). No visual evidence of this event type is seen at the Overlook
crater. The Type 3 events generally have low amplitudes (b3000
counts) and only 13 of the events have amplitudes N10,000 counts. A
comparison between the cumulative number of Type 1–2 and Type 32012/06 2012/12 2013/06 2013/12
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Fig. 18. (a) Radial tilt measured at station UWEV from 22 August to 1 September 2012. Thin vertical line indicates the window in (d). (b) Broadband seismic record for 22 August–1
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August 2011, with most of these events occurring after the re-
establishment of the Overlook crater lava lake following the ﬂank erup-
tion at the Pu'u Ō'ō cone in August 2011. The rate of Type 3 events in-
creased in February 2013 and since June 2013 the Type 3 events have
been the most frequently occurring event type. The resonant period
and Q for the Type 3 events are shown in Fig. 8 as blue dots and the
Type 1 and Type 2 events are shown as red dots.
6. Additional observations
The previous Sections 3–5 provide descriptions of the characteristic
seismic activity observed at Kīlauea between 2007 and 2013 and its re-
lation to summit deformation and SO2 emission rates. Additional obser-
vations of the characteristics of VLP activity are presented below, and
include: (1) the relationship between VLP seismicity and the presence
of the lava lake in the Overlook crater, (2) the estimation of the lava
lake surface elevation and vent diameter using oscillation frequencies
in the seismic record, (3) constraints on the differentiation between
the three types of VLP events, and (4) the presence of ground rotation
(tilt) in the broadband seismic signals.6.1. Lava lake level and dominant VLP period
The general increase in the dominant resonant period of VLP events
between early 2010 through early 2011 (Fig. 8a) closely correlates with
the establishment and rise in the surface level of the Overlook crater
lava lake. The lake level rose from within 100 m of the vent rim in
November, 2010 to within 65 m of the vent rim by early March 2011
(Orr et al., 2013b). The average dominant VLP period over the same
time increased from ~30 s to ~40 s (Fig. 8a). The lake level then dropped
~145 m to the bottom of the Overlook crater over a period of 2 days as
the summit reservoir drained to feed the Kamoamoa eruption in the
East Rift Zone. During the subsequent reinﬂation, few VLP events oc-
curred until the magma column again dropped below the bottom of
the Overlook crater in response to the August 2011 Pu'u Ō'ō ﬂank erup-
tion (Figs. 8 and 10). The average dominant VLP period when the lava
lake level was at or below the bottom of the Overlook crater in August
2011 was b24 s (Fig. 8). Between September and December 2011 the
lava lake was re-established and the dominant VLP period rapidly
increased to values N35 s. Since late 2011 the lava lake level ﬂuctuated
between ~25 and 100 m below the vent rim and the dominant period
of the VLP events ranged from ~35 to 40 s.
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Fig. 19. (a) 15-minute-long record of a Type 3 VLP event ﬁltered between 0.01 and 0.1 Hz from the vertical component of station NPT (red curve). The radial tilt record from UWEV is
indicated by the black curve. (b) Cumulative sum of Types 1–2 and Type 3 events since 15 February 2010.
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larly after 2010, suggests that VLP periods b~24 s indicate that the top of
the magma column is near or below the bottom of the Overlook crater.
Between the formation of the Overlook crater in 2008 through 2009 the
observed VLP periods generally remained below 24 s and the lava lake
was only occasionally visible and deeply seated in the vent. Ground-
based Lidar measurements of the Overlook crater during June 2009
show that the bottom of the crater was ~207 m below the vent rim
(Fee et al., 2010), and when present, the lava lake level was ~200 m
below the vent rim (Patrick et al., 2011). The summit was in a deﬂation-
ary trend at the time of the Lidar survey and then transitioned to inﬂa-
tion when Patrick et al. (2011) obtained video images of the lava lake
surface for ﬁve of the typical degassing bursts (termed episodic tremor
by Patrick et al. (2011)). The surface disappeared from view with each
burst, then reappeared into the video image between the bursts. The as-
sociated VLP period for these events was ~22 s. This single observation
of the behavior of the lava lakewhen the repetitive degassing events are
present suggests that these events only occur when the surface of the
magma column reaches the ﬂoor of the Overlook crater. It also implies
that the magma column rarely rose above the ﬂoor of the Overlook
crater between 2008 and the end of 2009.
A detailed view of the relationship between VLP period and the
height of themagma column is shown in Fig. 20. Four 1-hour-longwin-
dows on 4, 9, 10, and 13 August 2008 (indicated by vertical gray stripes
in Fig. 14a) from the vertical component of station NPB and ﬁltered be-
tween 10 and 50 s are shown in Fig. 20a. Thesewindows exhibit periods
of relatively stable amplitude VLP tremor (traces 1 and 4), variable am-
plitude VLP tremor (trace 2), and discrete VLP events (trace 3). Fig. 20b
shows the respective radial particle motions at NPB with respect to the
VLP centroid for the windows (offset vertically for clarity). The mean
value of radial semblance for each window is shown in the lower left
corner of Fig. 20b and the slope of the linear ﬁt to each trace is shown
in the upper right corner. Semblance is very high for the periods oftremor and decreases with decreasing VLP tremor amplitude. The
third trace (distinct VLP events) exhibits a lower mean value of radial
semblance, reﬂecting the lack of coherent VLP energy between events.
Fig. 20c shows the amplitude spectrum in each window, and the domi-
nant period for each window is shown in the upper right corner. Traces
1 and 4 occur prior to and after the DI event shown in Fig. 14a, trace 2
occurs at the initiation of the rapid inﬂation phase of the DI event, and
trace 3 occurs during the peak in inﬂation. The steeper radial particle
motion and increase in period for trace 3 relative to the periods of con-
tinuous tremor suggest that the amount ofmagmaabove theVLP source
centroid is directly related to the VLP centroid location and the domi-
nant VLP oscillation period, with longer periods indicating an increase
in magma column height (at the peak of inﬂation) and a slight deepen-
ing of the VLP source centroid.6.2. Lava lake surface elevation and overlook crater geometry
Video observations of large rockfalls onto the Overlook crater lava
lake occasionally show a sloshing motion of the lava lake surface (T.
Orr, personal communication, 2010). Weak secondary oscillation modes
are observed in the frequency–growth diagrams obtained through the
application of the Sompi method, and these modes are related to the
sloshing period of the lake surface. An example of a coherent, low ampli-
tude oscillationmodewith a frequency of 0.0834 Hz (period of ~12 s) for
a VLP event that occurred on 11November 2010 is shown by an ellipse in
Fig. 7a and an arrow in Fig. 7b. A global search through the frequency–
growth space of all VLP events analyzed with Sompi using the constraint
that a secondary mode (a cluster of points in the frequency–growth
space) must have more than 20 points within a band of 0.005 Hz results
in 133 VLP events that exhibit clear secondary oscillation modes. The
dominant VLP period (blue circles) and sloshing periods (red circles)
for these events are shown in Fig. 21a.
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mid-2010. This suggests that the lava lake must be deep enough, and
contain enough mass, to enable efﬁcient coupling of energy to the sur-
rounding walls of the vent. The mean VLP amplitude of the events
that exhibit sloshing modes is ~9000 counts. Surprisingly, many of the
largest VLP events do not excite sloshing modes. This suggests that the
process of rockfall (slumping or free-falling) and position of rockfall im-
pact onto the lava lake may control the initiation of signiﬁcant sloshing.
Prior to October 2012 only one sloshing mode is observed and after
October 2012 two sloshing modes are often observed (Fig. 21a). An ex-
ample of a Type 2 event occurring on 19 November 2013 that exhibits
two sloshing modes is shown in Fig. 22. The two modes are indicated
by ellipses in Fig. 22a and arrows in Fig. 22b. As of mid-2013 the vent
rim at theﬂoor of theHalema'uma'u Craterwas oblate, with dimensions
of ~215 m in the NW-SE direction and ~160 m in the NE-SW direction
(Patrick et al., 2013). The long dimension has a shelf about 65 m
below the vent rim that is buttressed by the Halema'uma'u Crater wall
on the SE side of the vent. The effect of the shelf is to reduce the long
dimension of the vent so that the vent becomes circular ~65 m below
the vent rim. The increasing dominant VLP periods (implying a rise in
lava lake level) and associated single and dual sloshing periods shown
in Fig. 21a reﬂect this change in geometry.
The sloshing period of a ﬂuid-ﬁlled tank is related to the height of
ﬂuid in the tank and the tank geometry. The sloshing periods of the
VLP events are directly measurable from the spectral content of the
VLP signal and estimates of the height of the lava lake in the Overlook
crater and the dimensions of the vent at that height can be derived byusing the equations given below. The ﬁrst sloshing period for a circular
tank is given by (Jaiswal et al., 2008)
Tc ¼ 2π
3:68g tanh 3:68hDð Þ
D
 −12
; ð1Þ
where Tc is the sloshing period, h is the height of the ﬂuid in the tank
(m), D is the diameter of the tank (m), and g is the acceleration due to
gravity (m/s2). The ﬁrst sloshing period for a rectangular tank is given
by (Jaiswal et al., 2008)
Tc ¼ 2π
3:16g tanh 3:16hLð Þ
L
 −12
; ð2Þ
where Tc is the sloshing period, h is the height of the ﬂuid in the tank
(m), L is the length of the tank along the direction of excitation (m),
and g is the acceleration due to gravity (m/s2). Note that this equation
only considers one mode of excitation for the rectangular tank and
does not consider the interaction between the lateral and longitudinal
modes of sloshing. Both of these equations assume a Newtonian ﬂuid
where the effect of magma viscosity in the lava lake is neglected.
Fig. 21b shows the expected sloshing period (assuming the Overlook
crater is circular) plotted against lake depth for values of crater diameter
spanning 50–230m (black lines). As the absolute depth of the Overlook
crater is notwell constrained, the crater is assumed to be 205mdeep. In
November 2010 the lava lake slowly began to rise, reaching a level of
~100 m (a lake depth of 105 m) below the Overlook crater rim by
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Fig. 21. (a) Dominant VLP period (blue circles) and sloshing periods of the lava lake (red circles). The numbers 1 and 2 bracket the time shown in (b), the numbers 3 and 4 bracket the time
when two sloshing periods are commonly observed. (b) Black curves indicate the sloshing period versus lava lake depth for circular vent diameters spanning 50–230m. Red dots are the
projection of the sloshing periods observed from 2010 through early 2011 (indicated by the numbers 1 and 2).
77P. Dawson, B. Chouet / Journal of Volcanology and Geothermal Research 278–279 (2014) 59–85January 2011 (Orr et al., 2013b). The sloshing periods observed between
July 2010 and January 2011 are bracketed by the numbers 1 and 2 in
Fig. 21a and displayed as red circles in Fig. 21b. The distribution of
sloshing periods versus lake depth is determined by ﬁtting the observed
sloshing periods to a curvewith constant diameter, assuming the events
in early January 2011 occurred when the lake depth was 105 m. A good
ﬁt to the observed sloshing periods is obtained with a vent diameter of
~124 m when the lake depth is 105 m. The distribution of sloshing
periods between July 2010 and January 2011 suggests that the lake
depth increased from ~40 m (point 1 in Fig. 21a and b) to ~110 m
(point 2 in Fig. 21a and b).
When two sloshingmodes are present the application of Eq. (1) for a
circular tank does not match the observed difference in period between
the twomodes. In this case, using Eq. (2) for a rectangular tank provides
amuchbettermatch to the difference in period between themodes. VLP
events displaying dual sloshing modes occur after October 2012 (inter-
val between numbers 3 and 4 in Fig. 21a) and the lava lake level varied
between ~30 and 50 m below the Overlook crater rim over this time
(Patrick et al., 2013). Fig. 23 shows the expected sloshing period (as-
suming the Overlook crater is oblate) plotted against lake depth for
values of L spanning 120–210m (the length along the direction of exci-
tation, black lines). In Fig. 23 the ﬁrst sloshing modes (squares) for VLP
events exhibiting two modes are plotted assuming a linear variation in
lava lake depth that ranges from 155 to 175 m (50–30 m below the
vent rim). The ﬁrst sloshing mode occurs when the long axis of the
lava lake ranges from ~165 m when the lava lake depth is 155 m (50
m below the vent rim), through a maximum length of ~212 m when
the lava lake depth is 175m (30m below the vent rim). The occurrence
of the second sloshing mode (circles in Fig. 23) suggests that the short
axis of the lava lake is 125–135 m when the lake depth is between155 and 165 m; these values for the short dimension of the lake are
slightly larger than the diameter of 124 m inferred when the lava lake
is deeper in the vent. The short axis increases to over 140 m as the
lava lake reaches a depth of 175 m (30 m below the vent rim).
6.3. Constraints on event type
Three VLP event types were identiﬁed in section 5. Type 1 events are
associated with degassing at the top of the magma column and Type 2
events are associated with rockfalls onto the lava lake. Type 3 events
are easily distinguishable from the ﬁrst two due to their opposite polar-
ity, but their source process has not yet been determined. Fig. 24 shows
the three typical event types with similar amplitude observed at station
NPT, where the waveforms have been integrated and plotted as dis-
placement waveforms (both short-term ground displacement and the
effect of long-term ground rotation are present). The horizontal compo-
nents showa long-term trend that is beyond the corner frequency of the
seismometer while the vertical component does not. The long-term
trend on the horizontal components reﬂects the effect of ground rota-
tion (tilt) driven by summit inﬂation or deﬂation and is not seen on
the vertical components because these are insensitive to slow tilt
signals. The tilt steps for the Type 1 and Type 2 events are due to forces
applied at the top of the magma column (Chouet and Dawson, 2013).
The Type 1 and Type 2 events shown in Fig. 24 occurred during summit
deﬂation, and the Type 3 event occurred during summit inﬂation. The
slope of the long-term ramp is related to the rate of summit deforma-
tion, indicating that when the ﬁrst two events occurred magma was
ﬂowing out of the underlying dike system faster than it was being
supplied to it and that the lava lake level was dropping. However, the
window length over which the signals are integrated and noise at
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Fig. 22. (a) Frequency–growth diagram from the Sompi analysis of a Type 2 event occur-
ring on 19November 2013. Circles indicate the dominant oscillationmode and squares in-
dicate weaker oscillation modes. Thin lines indicate constant values of Q in the range
2–500. The horizontal axis is frequency, indicated in (b). Two sloshing modes near 0.06
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plots such as shown in Fig. 24, precluding a direct derivation of mass
gain or loss from the slope.
As described in Section 5, the Type 1 events are preceded by a subtle
deﬂationary signal observed on the UWEV tiltmeter, while the Type 2
events are not. The Type 1 and 2 VLP events are associated with a150 160
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Fig. 23. Slanted black lines indicate the sloshing period versus lava lake depth for a rectangul
sloshing mode and circles indicate the second sloshing mode assuming the lake depth ranges
and 4 in Fig. 21a).positive inﬂationary tilt step, and the Type 3 events are associated
with a negative deﬂationary tilt step. These initialmotions reﬂect differ-
ent source mechanisms for each event type. Fig. 25a shows examples of
stacked tilt signals observed at the UWEV tiltmeter. Windows of the tilt
signal are aligned on the origin times of 482 Type1VLP events occurring
prior to 15 February 2010, for 624 Type 2 VLP events occurring after 15
February 2010, and for 13 Type 3 events occurring in 2013. Each stack is
normalized by the number of events contributing to the stack and no
distinction is made as to whether the events occurred during summit
inﬂation or deﬂation. The stacked tilt signal aligned on Type 1 (red
curve) and Type 2 (black curve) VLP events show that more events
occur during summit deﬂation than during summit inﬂation (deﬂation
is a negative trend). Although only a few Type 3 events with signiﬁcant
VLP amplitude (N10,000 counts) accompanied by an obvious associated
tilt step have been observed, these events primarily occur during
summit inﬂation (a positive tilt trend). Restricting the occurrence of
Type 1 and Type 2 VLP events to periods of strong summit deﬂation
(Fig. 25b) or strong summit inﬂation (Fig. 25c) shows that there is a
preference for both types to occur during summit deﬂation by a factor
of 2. Deﬂationary deformation at the summit of Kīlauea and associated
volatile exsolution through magma decompression (Poland et al.,
2009) may explain the higher rate of Type 1 VLP events during summit
deﬂation. The predominance of Type 2 events during summit deﬂation
and the subsidence rate around the Overlook crater generally shows a
positive correlation with the growth of the Overlook crater, pointing
to vent instability associated with ground subsidence (Richter et al.,
2013).
There is a clear distinction between the stacks of tilt records for the
Type 1 events that occurred prior to 2010, when the lava lake was not
present or deeply seated in the Overlook crater, and the Type 2 events
that occur after 2010when the lava lakewas established in theOverlook
crater. A subtle 1–2-minute-long deﬂation is observed prior to the pos-
itive tilt step and associated VLP event for the Type 1 events (outlined by
a circle in Fig. 25a), while no precursory tilt signal is seen prior to the tilt
step for the Type 2 events (Fig. 25a). This difference in deformation be-
havior between the Type 1 and Type 2 events implies a different source
process for the two event types.
Station NPT is the only broadband station that recorded both Type 1
events prior to 2010 and Type 2 events after 2010 with no active ﬁlters.
This station was established in August 2008 and recorded many of the
Type 1 degassing bursts and the mild explosive activity that occurred
through October 2008, as well as the numerous Type 2 rockfall events
that occurred after 2010. Figs. 26 and 27 show the waveforms for ﬁve
Type 1 and ﬁve Type 2 events respectively, where the waveforms
are treated similarly and amplitudes are plotted at the same scale. A
14-minute-long record centered on each event is selected and the ver-
tical component for each event is ﬁltered between 0.02 and 0.2 Hz.
Using one of the events as a master event, lag times are determined170 180
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aligned by using the lag times. The aligned raw waveforms are then
integrated to provide displacement records. For the horizontal compo-
nents, the long-term trend observed prior to each event (due to ground
rotation) is removed. The events are then stacked component-by-
component and the central 2 min of each waveform (blue lines) and−0.04
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Fig. 26. (a) Displacementwaveforms for the east component of stationNPT for 5 Type 1mildly explosive VLP events (blue traces). The black traces show the velocity records ﬁltered above
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downward deﬂection is observed on the vertical component prior to
the large positive swing in displacement (red trace, Fig. 26c). High fre-
quency energy (black lines) is observed at varying times up to 10 s
prior to the initiation of the VLP signal as well as after the VLP event
begins (ﬁfth trace). The Type 2 rockfall events (Fig. 27) exhibit no
precursory signal on any of the components. High frequency energy is
very low in amplitude (black lines) and begins 1–2 s before the initia-
tion of the VLP signal.
Rockfalls are observed visually and through video observations for
both Type 1 and Type 2 events (Patrick et al., 2011; Orr et al., 2013b).
Assuming the high-frequency energy associatedwith the two types rep-
resents the rockfall signal, the variable timing and obvious high ampli-
tudes of the short period energy suggest the rockfalls associated with
the Type 1 degassing events are impacting on the conduit wall or
ﬂoor, rather than on a viscous lava lake. The Type 2 events are driven
by rockfalls onto the lava lake and generally exhibit little associatedshort period energy, which is expected due to the strong attenuation
of the viscous lava lake.
6.4. Ground rotation and the broadband network
The episodic days-long deﬂation/inﬂation (DI) deformation epi-
sodes induce signiﬁcant ground rotation (tilt) at the summit of Kīlauea.
Excursions of 1–5 μrad are commonly observed on the UWEV electronic
tiltmeter (Fig. 1), located ~2 km from the shallow deformation source
near the northeast corner of the Halema'uma'u Crater (Cervelli and
Miklius, 2003). The horizontal components of the broadband network
are sensitive to this slow ground rotation, as shown in Fig. 24. Chouet
and Dawson (2013) demonstrated the capability of the broadband net-
work to provide a robust description of the source mechanism of the
Type 2 rockfall events over the period range 1–1000 s. The presence of
noise, particularly on the vertical components of the network, limits
the bandwidth over which the signal can be adequately measured
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Fig. 27. (a) Displacementwaveforms for the east component of stationNPT for 5 Type 2 rockfall-induced VLP events (blue traces). The black traces show the velocity records ﬁltered above
0.1 Hz. The red trace represents the sum of the displacementwaveforms. (b) Displacementwaveforms for the north component of station NPT (blue traces). Black traces show the velocity
records ﬁltered above 0.1 Hz. The red trace represents the sum of the displacement waveforms. (c) Displacement waveforms for the vertical component of station NPT (blue traces). The
black traces showthe velocity recordﬁltered above 0.1Hz. The red trace represents the sumof thedisplacementwaveforms. The long-term trenddue to ground rotation has been removed
from the horizontal components in (a) and (b).
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installations and diurnal noise due to temperature variations dominates
the seismic signal at periods N~1000 s. One exception to this is station
UWE, where a Streckheisen STS-2 (0.02–120 s) sensor is installed in a
vault near the UWEV borehole tiltmeter. The horizontal components
of this station can be used to track ground rotation over periods of
hours.
The tilt time series τ(t) can be calculated from the time integral of
the output voltage of a broadband seismometer p(t) using (Ayoama,
2008; Lyons et al., 2012)
τ tð Þ ¼−Sω
2
o
g
∫p tð Þdt; ð3Þ
where S is the seismometer sensitivity, g is the gravitational accelera-
tion, and ωo2 is the natural angular frequency of the sensor. A day-long
record of tilt derived from the horizontal components of the UWE seis-
mometer is derived by using Eq. (3) following the ﬁltering anddecimation steps described by Lyons et al. (2012). The DC offset is re-
moved from the horizontal components, the signals are integrated, dec-
imated, and ﬁltered below the natural frequency of the instrument (120
s), then multiplied by− Sωo2/g. The horizontal components of tilt from
the seismometer and the two orthogonal components of the tiltmeter
are then rotated toward theHalema'uma'u Crater and the radial compo-
nents are compared in Fig. 28b for the record segment illustrated in
Fig. 28a.
The 1-day-long record shown in Fig. 28a represents the raw vertical
velocity record for station UWE (blue trace) on 28–29 August 2012. This
time period represents the transition from rapid to slowing deﬂation
during a typical days-long deﬂation/inﬂation event. The vertical velocity
record showing the VLP energy at periods longer than 15 s (red trace) is
plotted over the raw data. The offset black trace shows a 40-minute-
long detail of the typical VLP vertical velocity waveform for the two
large Type 2 events occurringnear hour 11. In Fig. 28b theUWEV tiltme-
ter (red trace) exhibits a generally continuous deﬂationary signal with
positive steplike offsets associated with rockfalls seen near hours 3
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Fig. 28. (a) 24-hour-long record from the vertical component of station UWE (blue trace), the recordwith a 15 s low pass ﬁlter applied (red trace), and the enlargement of 40 minutes of
the VLP signal offset for clarity (black trace). (b) 24-hour-long record of radial tilt observed by the UWEV tiltmeter (red trace) and the radial tilt derived from theUWE seismometer (black
trace). The radial direction is measured 327° counterclockwise from the east.
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compared to theﬁrst 10 hours of the signal and is interrupted by several
short (~1-hour-long) inﬂationary pulses. These small pulses reﬂect
transient pressure perturbations inmass transport as the system begins
transitioning from deﬂation to inﬂation. The tilt derived from the seis-
mometer (black trace) generally tracks with the tiltmeter. The primary
difference between the two records is in the amplitude of the tilt steps
where the offset derived from the seismic record is about two thirds
of that observed on the tiltmeter. The difference in step amplitude is
due to the frequency response characteristics of the two instruments.
Filtering the seismic records below the corner frequency of the sensor
reduces the contribution of ground displacement associated with the
VLP signal in the derived tilt signal, while the tiltmeter record contains
this energy.
As shown in Fig. 28b the approximate ground rotation over periods of
hours or more, as commonly observed in the summit region of Kīlauea,
can be extracted from the horizontal records of a broadband seismome-
ter. However, the response characteristics of the sensors and the surface
installation for most of the broadband stations preclude using the entire
broadband network inmonitoring long-term ground rotation, particular-
lywhen the tilt signal is small. Station RIM also features a 120 s seismom-
eter, installed about 1 m below the surface in a moderately insulated
vault. Unlike stationUWE, hour-long ground rotation cannot be extracted
from the horizontal components of station RIMdue to instrumental noise
that overwhelms the tilt signal.
7. Discussion
The decades-long recording of broadband seismic data at Kīlauea
Volcano has provided an invaluable resource for the observation of
VLP seismicity over time at this basaltic volcano. The VLP signals can
be compared with other observational data and placed in context with
the eruptive behavior of the volcano. This is particularly important
given the change in eruptive behavior of Kīlauea that began in late2007. The VLP records presented in this paper illuminate one portion
of the broad spectrum of often episodic and repeating volcanic activity
that is commonly observed at Kīlauea. Three characteristic VLP event
types have been identiﬁed between 2007 and 2013, each with distinct
characteristics and relationships to ongoing processes. Two of these
event types (Type 1 and Type 2) have been used to constrain the source
mechanism and location of the VLP source centroid and to derive
models of the source process that generates the VLP signals (Chouet
et al., 2010; Patrick et al., 2011; Chouet and Dawson, 2013; Orr et al.,
2013b). Fluid-induced oscillations within the dike system have been
used to estimate the size of the dikes comprising the transport system
(Chouet and Dawson, 2011). VLP tremor is a nearly constant feature in
the broadband seismic record, waxing and waning in amplitude and
in concert with hours- to months-long changes in gas emission rates
and summit deformation.
One prominent issue regarding the interpretation of the source
mechanisms of the mildly explosive Type 1 degassing events observed
in 2008 is the contrast between the models proposed by Chouet et al.
(2010) and those discussed by Patrick et al. (2011) and Orr et al.
(2013b). Both Patrick et al. (2011) and Orr et al. (2013b) infer that all
of the mildly explosive degassing events were driven by violent
overturning and degassing of near-surface lava due to rockfalls onto
the lava lake within the Overlook crater. The model of Chouet et al.
(2010) proposes that the ﬁnal assent and bursting of a large slug of
gas at the surface of themagma column generates the forces that create
the VLP signals. Both models invoke a source process that originates at
the top of the magma column, inducing forces that transmit down the
conduit and couple to the solid Earth at a discontinuity in theunderlying
dike system at a depth of ~1 km.
The weak precursory deﬂationary signal (Fig. 25) recorded at the
UWEV tiltmeter and the distinct precursory signal in the raw seismic
data (Fig. 26) associated with the Type 1 VLP events indicate the source
process begins at least 30 s before the observed high-frequency seismic
energy, resonating VLP signals, and associated strong inﬂationary tilt
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rockfall induced seismicity (Fig. 27) and associated strong inﬂationary
signal (Fig. 25). The source process of the Type 1 events described by
Chouet et al. (2010) includes an initial volumetric source deﬂation com-
bined with an initial upward single vertical force that is synchronous
with the source deﬂation. These signals are followed by a strong
source inﬂation and downward single vertical force that is synchro-
nous with the source reinﬂation, and both are followed by decaying
oscillations with opposite polarity. Chouet et al. (2010) interpreted
this combination of force and volume change to be due to pressure
and momentum changes induced during a ﬂuid dynamic source
mechanism involving the ascent, expansion, and burst of a large slug
of gas within the upper ~150 m of the magma column. As the slug ex-
pands upon approach to the surface andmore liquid becomes wall sup-
ported by viscous shear forces, the pressure below the slug decreases,
inducing the initial conduit deﬂation and an upward force on the solid
Earth. The rapid slug expansion and burst at the magma surface stimu-
lates VLP and LP oscillations of the conduit system which slowly decay
due to viscous dissipation and elastic radiation. The sourcemechanisms
for all of the mildly explosive events observed in 2008 exhibit such
a precursory deﬂation, followed by strong inﬂation, and trailed by
decaying oscillations. These events always exhibit dominant VLP pe-
riods b24 s, implying that the rising and bursting of a slug of gas oc-
curred in the conduit connecting the underlying dike system to the
Overlook crater and only when the surface of the magma column was
at or below the bottom of the Overlook crater.
The broadband network was band-limited in 2008 due to an active
causal 50 s high-pass ﬁlter in the system digitizers and the source mech-
anisms described by Chouet et al. (2010) are thus band-limited (long-
term ground rotation, tilt offsets, and displacement signals with periods
N50 s are signiﬁcantly muted due to the ﬁlter) and may not adequately
reﬂect the actual duration of the initial source deﬂation. Patrick et al.
(2011) and Orr et al. (2013b) suggest that the use of acausal ﬁlters by
Chouet et al. (2010) induces the precursory deﬂationary signal. However,
the acausalﬁlter invoked by Chouet et al. (2010) preserves the actual raw
waveform characteristics of the band-limited data shown in Fig. 26.
High-frequency energy, if related to rockfalls during the Type 1
degassing events, occurs randomly during the initial source deﬂation
and up to ~10 s prior to the initiation of the strong inﬂationary VLP sig-
nal. From the beginning of the eruptive activity in March 2008 through
the establishment of the lava lake in early 2010 (see Sections 5.2–5.3
and Fig. 8) the seismic data suggests that the lava lake was only sporad-
ically present in the Overlook crater. This suggests that the rockfalls as-
sociatedwith the Type 1 events are a response to the initial VLP centroid
deﬂation and associated sagging of the crater walls, and are impacting
the walls and base of the vent but not a viscous lava lake which would
tend to dampen the high frequency energy.
The broadband seismic data collected after July 2011 has no active
ﬁlters applied during data collection, and must be treated differently
than the earlier broadband data. Deconvolution of the instrument re-
sponse while preserving the observed long-term ground rotation is
not possible due to the presence of noise below the corner frequencies
of the sensors. This is because all seismometers have zero response at
zero frequency, so that deconvolving the instrument response results
in signiﬁcant ampliﬁcation of very low frequencies. This requires ﬁlter-
ing of the signal either during deconvolution or after. Filtering the data
to suppress noise with periods similar to that of the long-term ground
rotation signals by necessity removes the tilt signal. As shown in
Fig. 27, no precursory signal accompanies the Type 2 rockfall induced
VLP signals and no deformation signal prior to the events is observed
(Fig. 25). Acausal ﬁltering of these signals over the VLP band can pro-
duce a precursory artifact, particularly if the amplitude of the initial
pulse is large, which led Chouet and Dawson (2013) to develop ameth-
od for recovering the source mechanism of the rockfall-induced VLP
events using the raw seismic data. In this case, Green's functions
representing the seismometer response to translation and groundrotation for the horizontal components were used in the waveform in-
version method.
Patrick et al. (2011) suggest the repetitive degassing bursts (which
they term episodic tremor with gas-piston-like behavior) common in
2008 through 2009 were due to the episodic release of gas collected at
the top of the lava lake due to a rheological barrier. This type of activity
has also been ascribed to the periodic rise of gas slugs (Edmonds and
Gerlach, 2007). No physical model has yet been pursued that can com-
pare the forces induced through the shallow degassing process invoked
by Patrick et al. (2011) with the forces induced in the gas slug model
proposed by Chouet et al. (2010). Futurework aimed toward such com-
parison will be required to enable a better understanding of the source
process that drives these degassing bursts. These events always exhibit
dominant VLP periods b24 s, implying that they occur only when the
surface of themagma column is at or below the bottom of the Overlook
crater. Thus the physical structure of the vent and the connection to the
underlying dike system may control this type of VLP activity.
Another avenue for future investigation is the relationship between
the dominant period of VLP events and length of the magma column.
This would involve calibrating absolute measurements of the lake
level with the change in dominant VLP period over time. This may
provide insight into the processes that drive the individual events, the
days-long deﬂation/inﬂation events, and the decades-long deﬂation
and inﬂation of the summit region of Kīlauea.
As observed by Chouet and Dawson (2013), the magma viscosity in
the lava lake can increase or decrease dramatically over very short (tens
of minutes) periods of time. The variation in Q obtained through Sompi
for the VLP events (Fig. 8b) exhibits patterns and variability that may
provide a better understanding of the volatile content of the magmatic
system over time. The presence (or absence) of sloshing modes of the
lava lake may also be related to the effective bulk viscosity of the lava
lake. The sloshing periods observed in the VLP signals (Figs. 7, 21–23)
and the two simple equations describing the sloshing periods show
that the lava lake depth and vent dimensionsmay bemonitored contin-
uously by using seismic data. A requisite for this to be a useful applica-
tion in real time is the calibration of the process through precise
knowledge of either the lake level or the vent dimensions at speciﬁc
times.
No physical model has been proposed for the Type 3 events. The
opposite polarity of their VLP seismic waveforms and their tendency
to occur during summit inﬂation suggest that they are driven by a
step-like decrease in pressure in the magma transport system. This
could be envisioned as a valving operation, either due to transients
in the magma ﬂow through the dike system or to a sudden dilation
(opening) of some portion of the dike system.
8. Conclusions
VLP seismicity between 2007 and 2013 at Kīlauea Volcano, Hawai'i
occurred as discrete events and as tremor. The VLP seismicity is due to
the efﬁcient coupling of pressure and momentum changes in the mag-
matic system to the solid Earth at a centroid position (represented as
the intersection of a north trending dike and an east trending dike)
~1 km below the northeast corner of the Halema'uma'u Crater. Three
event types were commonly observed, induced by vigorous degassing
at the top of the magma column (Type 1), rockfalls impacting the lava
lakewithin theOverlook crater (Type 2), or pressure decreases at an un-
known location possibly distinct from the Type 1 and Type 2 VLP cen-
troid (Type 3). The Type 1 events occurred primarily between 2007
and 2009 and were associated with a signiﬁcant increase in SO2 emis-
sions. The Type 2 events were observed primarily after 2009 and were
associated with rockfalls and the presence of a lava lake in the Overlook
crater. The Type 3 events have opposite polarity from the other event
types, and do not exhibit any signiﬁcant expression at the surface of
the magma column. These events primarily occurred after the end of
2011 when the lava lake was within ~100 m of the Overlook crater
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most commonly occurring event type after mid-2013. Beginning in No-
vember 2007 VLP tremor increased in amplitude and between 2008 and
2010 the VLP tremor was particularly strong and driven by vigorous
degassing at the Overlook crater. VLP tremor is also observed during
changes in summit deformation, reﬂecting pressure transients in the
magma transport system as long-term deformation occurs.
The characterization of VLP seismicity occurring between 2007 and
2013 at Kīlauea illuminates the importance of long-term, high-ﬁdelity
collection of broadband seismic data in an observatory setting. The
volcanic processes observed at Kīlauea are fundamentally periodic at
all time scales, and the characterization of these processes in the period
range of 2–100 s enhances our understanding of the shallow magmatic
system beneath the summit caldera of Kīlauea.
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